Abstract -The modelling and simulation of the interaction among vehicles and pedestrians during crosswalking is an open challenge for both research and practical computational solutions supporting urban/traffic decision makers and managers. The social cost of pedestrians' risky behaviour pushes the development of a new generation of computational models integrating analytical knowledge, data and experience about the complex dynamics occurring in pedestrian/vehicle interactions, which are not completely understood despite recent efforts. This paper presents the results of a significant data gathering campaign realised at an unsignalized zebra crossing. The selected area of the city of Milan (Italy) is characterised by a significant presence of elderly inhabitants and pedestrian-vehicle risky interactions, testified by a high number of accidents involving pedestrians in the past years. The results concern the analysis of: (i) vehicular and pedestrian traffic volumes; (ii) level of service; (iii) pedestrian-vehicle interactions, considering the impact of ageing on crossing behaviour. Results showed that the phenomenon is characterised by three main phases: approaching, appraising (evaluation of the distance and speed of oncoming vehicles) and crossing. The final objective of the research is to support the development of a microscopic agent-based tool for simulating pedestrian behaviour at unsignalized crosswalks, focusing on the specific needs of the elderly pedestrians.
Introduction
The role of advanced computer-based systems for the simulation of vehicular traffic is a consolidated field of research and application that produced results whose level of maturity led to a significant impact on the activity of traffic engineers and planners in the design of efficient transportation networks. Several successful models for the simulation of different aspects of vehicular traffic have been developed and applied: see [1] for a review of different approaches, which include both cellular automata discrete models [2] and continuous ones like car-following models [3] .
In parallel, the micro-simulation of pedestrian circulation dynamics have also emerged and affirmed as supports to the assessment of the comfort and safety of urban crowded facilities in case of both ordinary and emergency operations. In analogy with vehicular traffic, the simulation of pedestrian dynamics has been tackled by different approaches, considering both continuous models such as the social force [4] and discrete ones based on the floor field method, such as cellular automata [5] .
Whereas separately the above mentioned simulation approaches have produced a significant impact, efforts characterised by an integrated investigation on the simultaneous presence of vehicular traffic and pedestrian dynamics are not as frequent or advanced as isolated vehicular traffic and pedestrian models. With the exception of [7, 8] , most efforts in this direction are relatively recent or they just analyse simple scenarios not even validated against real data.
Although pedestrian/vehicle interactions have been empirically studied by different disciplines and methodologies (e.g., transportation engineering, traffic psychology, safety and security science), few attempts towards the validation of models against empirical evidences have been performed. In particular, the design and execution of controlled experiments about the phenomena are limited by several practical and ethical issues about the safety of participants involved in the study. For this reason, the most consolidated methodology in this field is represented by the execution of unobtrusive observations on urban intersections, focused on both aggregated results of traffic volumes and microscopic behavioural indicators.
From a general point of view, observations [9] allow to unobtrusively collect empirical data about human behaviour (subjects are not aware to be observed), considering both the physical and social features of the environment in which the subjects are situated. Compared to experiments, this method is characterised by the possibility to exert a limited amount of control over the variables and the environment in which the study takes place, but also by a higher possibility to generalise results (ecological validity).
In this context, the technical report presented in the Highway Capacity Manual [10] is the most extended study about pedestrian/vehicle interactions, aiming at describing general design standards for enhancing the comfort and safety of both drivers and pedestrians as they travel and walk through urban intersections or roadway segments (e.g., efficient vehicular transport network, pedestrian exposure to risky crossing). Other relevant observational studies present in the literature more specifically investigated the relevant elements which characterise driving and crossing behaviours. In particular, the results presented in [11] highlighted the impact of traffic volumes and quality of infrastructures on drivers' compliance with crossing pedestrians, and the effect of perceptive/attentional skills on the adaptation of speed to avoid collisions in time. In analogy with vehicular dynamics, traffic volumes and crosswalk surface conditions were found to significantly influence pedestrians' crossing decisions [12] . More in details, crossing behaviour has been empirically defined as determined by the efficient interaction among locomotion capability [13] , perceptive and attentional skills in evaluating the distance away and the speed of approaching vehicles [14, 15] and individual attitude and motivation towards hazardous situation [16] .
An innovative and promising methodology in this field of study is represented by the recent possibility to test and measure drivers and pedestrian behaviours by using immersive virtual reality technologies (e.g., image-generation and projection system, virtual reality head-mounted displays). Unlike observational approaches, this method gives the possibility to systematically measure the occurrence and persistence of certain behavioural indicators in a controlled and safe environment, focusing on either driving [17] or crossing behaviours [22] .
All the research efforts in this field are driven by the necessity to develop advanced and sustainable transportation strategies to contrast the social costs of pedestrians' injury and death due to car accidents [18] . Although the design of efficient, accessible and safe infrastructures is the most important requirement to guarantee the security of the citizens in urban intersections, human factors play a determinant role in the complex interaction among vehicles and pedestrians, also considering the specific needs of vulnerable pedestrians with limited mobility, such as the elderlies. In particular, the examination of the variables which determinate pedestrians road crossing decision (whose most important examples are perceptual, cognitive and motor abilities) has demonstrated that elderly pedestrians are more likely to die or be seriously injured in road traffic collisions than adult people [19] . Elderly pedestrians are indeed strongly conditioned by: (i ) limitations in locomotion behaviour [20] (e.g., reduced range of motion, loss of muscle strength and coordination, changes in posture, decreased walking speed); (ii ) the progressive decline in the operation of perceptive sensors and cognitive skills [21, 22] (e.g., limited perception of light and colours, inability to tune out background noise, diminished attention and reaction time, spatial disorientation, slower decision-making).
In this framework, the paper presents the results achieved by means of a video-recorded observation of pedestrian/vehicle interactions at an urban unsignalized intersection in the city of Milan (ITALY), characterised by a significant presence of elderly inhabitants and risky pedestrian-vehicle interactions. The methodology which sets the current work is presented in Section 2, with reference to tools used for data collection and the description of data analysis procedures. The results of the observation regarding vehicular and pedestrian traffic volumes and Level of Service are presented in Section 3. The results of the analysis on the time series of the speeds of both adult and elderlies pedestrians are presented in Section 4, with reference to the definition of crossing behaviour as characterised by three sequential phases: approaching, appraising and crossing. The results about crossing trajectories, crossing phases localisation on side-walks and decision making process about the accepted distance and speed of oncoming vehicles are shown in Section 5. The paper concludes with remarks about the achieved results and their future use as supports for the development and calibration of an integrated simulation tool for the representation of pedestrian/vehicles interaction in urban contexts [23] . Future works based on ongoing data collection campaigns are presented at the end of the paper. 
Data Collection and Analysis
The video-recorded observation was performed on May 18, 2015 (from 10:45 am to 12 am), at an urban unsignalized intersection in the city of Milan (ITALY). The scenario of the observation (the intersection between Via Padova, Via Cambini and Via Cavezzali) has been selected by means of a preliminary analysis which was aimed at crossing the geo-referred information related to the socio-demographic characteristics of the inhabitants of Milan and the localisation of road traffic accidents. Results showed that the chosen residential area is characterised by a significant presence of elderly inhabitants and an high number of pedestrian/car accidents involving elderlies pedestrians in the past years † . A series of inspections of the residential area allowed to select that particular unsignalized intersection among others, considering the large amount of people which pass through it due to several points of interest (e.g., local market, public offices, bank, supermarket, Church, Islamic cultural centre). The observation was performed during the peak hour of the open-air local market which is held every Monday in Via Cambini (nearby point B). Weather conditions during the observation were stable and sunny.
A HD ultra wide lens camera was mounted on a light stand tripod overhung from the balcony of a private flat in correspondence of the zebra crossing (at an height of about 25 m). The hidden position of the camera allowed to not influence the behaviour of drivers and pedestrians. Some spatial reference points have been taken to correct the distortion of video frames due to the wide lens and the nearly zenith perspective of the camera (see Fig. 1 
/a).
A first phase of data analysis consisted of manual counting activities to estimate and characterise the traffic volumes (1379 vehicles, 585 crossing pedestrians). An ad hoc checklist comprising a set of locomotion and physical indicators was used to support the annotators in profiling pedestrians' age and gender, and the presence of pedestrians crossing in groups. Then, a series of time stamping activities were aimed at measuring the additional travel time experienced by drivers and pedestrians due to traffic conditions, in order to determinate the Level of Service of the observed intersection.
A second phase of data analysis was based on the use of the open source software Tracker Video Analysis and Modelling Tool ‡ (see Fig. 1 ), which allowed to correct the distortion of the video images, and then to semi-automatically track a sample of 50 pedestrians and 79 vehicles while interacting at the zebra crossing, considering one frame every ten (every 0.4 sec). The tracking analysis was executed by pointing at the frontal plates of vehicles and at the space in between the feet of pedestrians. The data set (including the X, Y coordinates and the associated frames t) was exported for data analysis, aiming at measuring the speeds of vehicles and pedestrians while interacting at the zebra crossing and the safety gap accepted by pedestrians to cross, comparing data among adults and elderlies.
Traffic Volumes, Pedestrians Profiling and Level of Service
The bidirectional flows of vehicles and pedestrians passing through the considered crosswalk have been counted minute by minute and classified with reference to their typologies and profiles. Vehicular traffic volumes were constituted for the large majority by cars (67%); the direction of movements of vehicles was equally distributed. Adult singles were the majority of the total counted pedestrians (71%); elderlies were a significant portion of the pedestrians flows (24%). The 90% of the total pedestrian flows on the zebra crossing was directed towards the local market area or was oncoming from it.
• Total: 1379 vehicles, 18.89 vehicles per minute;
• Type: 922 (67%) cars, 181 (13%) bikes, 115 (8%) vans, 82 (6%) cycles, 43 (3%) buses, 36 (3%) trucks;
• Direction: 685 (50%) vehicles toward the city centre; 693 (50%) vehicles toward the neighbours.
• The Level of Service (LOS) [10] standardly describe the degree of comfort and safety afforded to drivers and pedestrians as they travel/walk through an intersection or roadway segment. Six grades are used to denote the various LOS from A to F, by measuring the additional travel time (delay) experienced by drivers and pedestrians, as an important indicator of the efficiency of an intersection. At two-way stop-controlled unsignalized intersections (unsignalized zebra crossings in which pedestrians have the right-of-way) LOS E is considered to represent the minimum acceptable design standard (see Tab. 1).
The LOS have been estimated by time stamping the delay of vehicles due to vehicular and pedestrian traffic conditions (time for deceleration, queue, stopped delay, acceleration), and the delay of crossing pedestrians due to drivers' non compliance to pedestrian right of way (waiting, start-up delay). Results showed that both the average delay of vehicles (3.20 s/vehicle ± 2.73 sd) and the average delay of pedestrians (1.29 s/pedestrian ± .21 sd) corresponded to LOS A.
According to the recommendations of [10] , the measured traffic volumes (1139 vehicles/hour/both directions) are sufficiently high to envisage the implementation of a traffic light system (although more thorough observations in other times/weather conditions should be performed to actually reach an informed decision). Results about LOS showed that nearly all drivers found freedom of operation and that no pedestrians crossed irregularly, with low risk-taking crossing behaviour.
Trend Analysis of Pedestrian Speeds and Crossing Phases
A sample of 50 pedestrians and 79 vehicles was considered for data analysis. The sample was selected avoiding situations such as: platooning of vehicles on the roadway inhibiting a crossing episode, the joining of pedestrians already crossing, and in general situations influencing the direct interaction between the pedestrians and the drivers. Part of the selected crossing episodes was characterised by the multiple interaction between the crossing pedestrian and two vehicles oncoming from the near and the far lane. Considering the effects of several interfering variables on results, the sample has been designed as follows:
• Age: 27 adult and 23 elderly crossing pedestrians;
• Direction: 27 pedestrians toward point B; 23 pedestrians toward point A; • Gender: 22 males, 28 females;
• Lane: 50 vehicles from the near lanes, 29 vehicles from the far lane;
• Vehicle typologies: 77 cars, 1 motorbike, 1 bus.
Pedestrian speeds have been analysed among the time series of video frames (trend analysis), as characterised by: (i) a stable trend on side-walks, (ii) a significant deceleration in proximity of the crosswalk (decision making) and (iii) an acceleration on the zebra crossing. The trend of speeds was analysed by calculating the difference between: the moving average (MA, time period length: 0.8 s, three frames), and the cumulative average (CA) of the entire frames series. This allowed to smooth out short-term fluctuations of data (intrinsically due to pedestrian gait, but also caused by the frame discretization) and to highlight longer-term trends (deceleration/acceleration). According to results, crossing behaviour is defined as composed of three distinctive phases (see Figure 2 ): a) Approaching: the pedestrian travels on the side-walk with a stable speed (Speed MA -CA 0); b) Appraising: the pedestrian approaching the cross-walk decelerates to evaluate the distance and speed of oncoming vehicles (safety gap). We decided to consider that this phase starts with the first value of a long-term deceleration trend (Speed MA -CA < 0); c) Crossing: the pedestrian decides to cross and speed up. The crossing phase starts from the frame after the one with the lowest value of speed before a long-term acceleration trend (Speed min).
A two-factors analysis of variance § (two-way ANOVA) showed a significant difference among the speeds of pedestrians while approaching, appraising and crossing [F(2,144) = 61.944, p = .000], and a Fig. 3) . A series of post hoc Tukey test showed a non significant difference between the speeds of pedestrians while approaching and crossing, considering both adults and elderlies (p > .05). The difference between the speed of adults and elderlies was significant among all the three crossing phases (p = .000).
To test the effect of density on speeds [10] , we measured the flow rate on sidewalks (2.90 ped/min/m ± .44 sd) and zebra crossing (2.00 ped/min/m ± .43 sd), which corresponded to a Walkaway LOS A (free flows at low density). Results showed that there was no impact of density on results.
In conclusion, results demonstrated that pedestrians' crossing decision is based on a significant deceleration in proximity of the curb (appraising) to evaluate the distance and speed of oncoming vehicles. Elderlies walked in average 22% slower than adults among the three crossing phases, decelerating 6% more than adults while appraising. This demonstrated the negative impact of ageing on crossing behaviour in terms of locomotion skills decline.
Crossing Trajectories, Phases Localisation and Safety Gap
Data analysis showed that the average length of trajectories (12.05 m ± .58 SD) was 9% longer compared to the shortest path between the curb of points A and point B (11 m). Instead of walking straight, pedestrians cut off the zebra-striped crossing with an oblique path which made them partially occupying the road way (see Fig. 4 ). A series of independent sample t-test analyses showed that the direction of movement and the age of pedestrians did not significantly impact results (p > .05).
The positions of pedestrians when they started appraising and crossing were analysed to estimate their distance from the curb (see Fig. 4 ). At point A, pedestrians started appraising 2.85 m (± 1.45 SD) before the curb and they started crossing 0.12 m (± 1.02 SD) before the curb. At point B, they started appraising 0.89 m (± 1.19 SD) before the curb, but they started crossing 1.17 m (± 1.51 SD) after it, occupying the road way. A series of independent samples t-tests showed that the age of pedestrians did not significantly impact results, considering both crossing point A and B (p > .05).
Point A is characterised by a large side-walk area, which allowed pedestrians to safely evaluate the distance and speed of oncoming vehicles; moreover, the presence of a ramp (primarily aimed at facilitating the access to the side-walk for those people with limited mobility) was found to limit non compliant crossing behaviour by gathering pedestrians to the zebra crossing. On the contrary, the small and interrupted side-walk at point B and the presence of various obstacles (e.g., traffic signal pals, taxi station telephone exchange) impeded pedestrians to cross in a safe manner, making them occupying the road way with potentially risky pedestrian-vehicular interactions (see Fig. 1/b) .
In this paper we denote the safety gap as the pedestrians' evaluation of the distance of an approaching vehicle (measured on the X-axis) and its average speed (not taking into account acceleration/deceleration trends) in order to decide if the gap is large enough to pass safely (see Tab. 3 and Fig. 4) . A series of two-way ANOVA showed that, while evaluating the accepted distance and speed of oncoming vehicles, pedestrians did not discriminate between the near and far lanes (p > .05). Moreover, the age of pedestrians did not impact results (p > .05). An independent samples t-tests showed that evaluating the gap acceptance in a situation comprising one vehicle approaching from the near lane or two vehicles from respectively the near and far lane did not present a significant difference (p > .05). A series of Pearson product-moment correlation coefficient showed that there was a correlation between the speed of oncoming vehicles and their distance; in particular, appraising pedestrians were able to correctly evaluate Results showed that crossing decision making was not influenced by the lane occupied by the oncoming vehicles. Moreover, the time needed by pedestrians to evaluate the safety gap from only one vehicle and two vehicles did not differ significantly. Adults and elderly pedestrians accepted the same distance and speed to safely cross and they were both able to efficiently evaluate the safety gap from vehicles, considering the demonstrated correlation between the estimated distance and speed of approaching vehicles (correctly evaluating the time to arrive of vehicles). However, an independent samples t-test analysis showed a significant difference between the time duration of the appraising phase among elderlies (4.12 s ± 2.54 sd) and adults (2.79 s ± 1.47 sd), t(48) = 2.40658, p = .012. Although pedestrians have the right of way on zebra-striped, elderly pedestrians were found to be more cautious than adults: 57% of them gave way to at least one approaching vehicle, compared to 30% of adults. This demonstrated the negative impact of ageing on crossing behaviour in terms decision making process about the safety gap.
Conclusions and Future Works
The issue of developing urban sustainable transportation strategies is becoming a mandatory requirement for municipalities to enhance the quality of life and the safety of the citizens. In particular, the social cost of pedestrians' risky behaviour pushes the development of a new generation of computational models integrating analytical knowledge, data and experience about the complex dynamics occurring in pedestrian/vehicle interactions, supporting urban and traffic decision makers and managers.
The current work presented the results of an empirical study focused on pedestrian crossing behaviour in an urban unsignalized intersection in the city of Milan (ITALY), characterised by a significant presence of elderly inhabitants and risky pedestrian-vehicle interactions. The achieved results are finally aimed at supporting the development and the parametric calibration of advanced simulation systems, focusing on specific behavioural rules regulating pedestrians' crossing decision making while interacting with approaching vehicles at unsignalized intersections [23] .
In general, pedestrian crossing behaviour requires the coordination of complex perceptive, attentional and locomotion skills. Several environmental factors could negatively influence pedestrian decision making (e.g., sidewalk discontinuity and condition, lack of curb ramps, obstructions in walkway, limited visibility), with potential risky consequences for their safety [19] . The result of the current work showed that crossing behaviour is based on three sequential phases (approaching, appraising, crossing), characterised by deceleration/acceleration trends. In particular, pedestrians' appraising phase is based on a significant deceleration of speeds in proximity of the zebra-striped crossing to evaluate in time the distance and speed of oncoming vehicles (decision making). Results showed that, due to the decline of locomotion and perceptive skills linked to ageing, elderly pedestrians walked significantly slower than adults and they spent more time to evaluate the safety gap from oncoming vehicles. This demonstrated the impact of ageing on crossing behaviour, in terms of locomotion and decision making process. However, results showed that both adults and elderlies correctly evaluated the distance and speeds of the vehicles oncoming from the near and the far lanes, with no risk-taking crossing behaviour.
Although the results about LOS showed that nearly all drivers found freedom of operation and that no pedestrians crossed irregularly at the observed intersection, the comparison of results between crossing point A and B highlighted that the lack of adequate space and ramp on sidewalk at point B made pedestrian crossing in a unsafe manner, occupying the road way. Once calibrated, a series of analyses on simulation results will allow to test the efficiency of different planning and architectural hypotheses aimed at exploring potential ways to improve the overall safety of the observed zebra crossing.
Ongoing works are based on the use of questionnaires to assess the perceived walkability [24] of the area by the elderly inhabitants (e.g., quality of sidewalks, drivers' compliance). Moreover, we will further analyse the recorded video frames to empirically investigate the overall drivers' compliance with crossing pedestrians and speed adaptation of vehicles in proximity of the zebra crossing (drivers' appraising phase) [11] , as well as non compliant jaywalking behaviour of pedestrians out of zebra-striped crossing. Finally, since the analysis of pedestrian profiles showed that the 35% of the observed population was composed of walking groups, future works will be aimed at testing the impact of grouping on crossing behaviour, comparing results among single pedestrians and dyads. Several works present in the literature, such as [25] , highlighted indeed that group members use social information, such as the crossing behaviour of others, to judge the safety gap from oncoming vehicles with potentially dangerous crossing decisions.
In conclusion, the results achieved by means of the presented case study could be of notable interest for those involved in modelling pedestrian crossing decision making at unsignalized intersections for developing integrated computer-based simulation tools. Moreover, the results about the speeds of adult and elderly pedestrians while crossing could be used as threshold values for design purposes of pedestrian traffic lights at crossing points (start up and clearance time), but also as supports for the parametric calibration of automated sensor systems for the development of driver-less robotic systems (e.g., collision avoidance from crossing pedestrians). Future and more extended data collection campaigns could be executed on other urban unsignalized intersections, in order to gather consistent data among critical environmental conditions (e.g., traffic volumes, weather conditions, spatial layout of side-walks).
